ABSTRACT: Little is known about osteonal bone mineral and matrix properties, although these properties are of major importance for the understanding of bone alterations related to age and bone diseases such as osteoporosis. During aging, bone undergoes modifications that compromise their structural integrity as shown clinically by the increase of fracture incidence with age. Based on Fourier transform infrared (FTIR) analysis from baboons between 0 and 32 yr of age, consistent systematic variations in bone properties as a function of tissue age are reported within osteons. The patterns observed were independent of animal age and positively correlated with bone tissue elastic behavior measured by nano-indentation. As long as tissue age is expressed as a percentage of the entire osteon radius, osteonal analyses can be used to characterize disease changes independent of the size of the osteon. These mineral and matrix analyses can be used to explain bone fragility. The mineral content (mineral-to-matrix ratio) was correlated with the animal age in both old (interstitial) and newly formed bone tissue, showing for the first time that age-related changes in BMC can be explain by an alteration in the mineralization process itself and not only by an imbalance in the remodeling process.
INTRODUCTION
A GING IS A natural process that negatively affects bone integrity in ways that are not completely understood but that manifest clinically in the increase of fracture incidence with age. (1, 2) Because fracture risk cannot be explained simply by reduced ''bone mass,'' (1) (2) (3) (4) (5) (6) the tissue and animal age modifications in bone properties need to be characterized and related to mechanical behavior to help understand the etiology of age-related skeletal fragility. Osteons, representing the newly remodeled cortical bone, are formed by resorption of existing bone coupled with circumferential apposition of mineralized collagen fiber lamellae surrounding a Haversian canal. These tree ringlike structures with the newest mineralized layers deposited nearest to the blood vessel canal (osteonal center) present a natural gradient in tissue age, from the center (youngest tissue) to the periphery (oldest tissue).
Infrared and Raman microspectroscopy and imaging have been used to describe chemical changes in human bone related to aging, diseases, and pharmacology of treatments. (7) (8) (9) (10) (11) These methods provide spatial information in addition to the geometry and density provided by techniques routinely applied in the clinic. Previous studies using spectroscopy reported that in normal cortical and trabecular bone, the mineral content, carbonate substitution, crystallinity, and collagen maturity increased with tissue age. (12, 13) The same patterns with tissue age were described for mineral properties in osteonal bone. (14, 15) Additional studies showed these specific variations linked with tissue age seem to be lost in bone of osteoporotic and osteopenic individuals. (16, 17) Unfortunately, using human bone biopsies, the animal-age effects cannot be easily distinguished. Another limitation of these studies was the small amount of tissue available in the biopsies, raising questions about whether the sampled osteons and trabeculae are representative.
To address these questions and with the intention in future studies to characterize the changes related to bone diseases or drug therapies by the analysis of newly formed bone, this paper examines variations in the tissue age and animal age in multiple osteons from healthy baboon femurs by Fourier transform infrared microspectroscopy (FTIRM) and imaging (FTIRI). Additionally, mechanical properties of osteonal tissue obtained by atomic force microscopy (AFM) nano-indentation are correlated with compositional bone properties obtained by FTIRI.
Baboon bone, like human bone, is constantly remodeling and presents similar Haversian microstructures that result from secondary remodeling. The baboon, a well-established model for the study of human bone maintenance and turnover, provides an excellent opportunity for examining animal and tissue age-related variation in the chemical and compositional properties as well as the mechanical properties of bone within osteons. Baboons have a lifespan approximately equivalent to one third of the human (18) and develop similar skeletal fragility with aging. (19, 20) Moreover, the female baboon lifespan is sufficiently long to provide evidence of reproductive senescence and natural menopause associated with changes in hormone levels that play an important role in bone metabolism and loss. (19, 21) 
MATERIALS AND METHODS

Animals
Twenty-seven femurs from 1 male and 26 female baboons (Papio hamadryas spp.), ranging in age from 0 to 31 yr, were used in this study. All animals were from the colony at the Southwest National Primate Research Center/Southwest Foundation for Biomedical Research (SNPRC/SFBR, San Antonio, TX, USA). This colony was established during the 1950s with wild-caught baboons from Kenya to develop the baboon model in medical research. (22) Our study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals. (23) The Institutional Animal Care and Use Committee approved all procedures during the baboons' lives at SNPRC/ SFBR in accordance with established guidelines. Inclusion criteria were death by natural causes and absence of reported metabolic bone disease. The population was divided into nine different average age groups (0, 1, 2.5, 6, 9, 13.5, 18.5, 27, and 31 yr). Each group consisted of three animals ( Table 1) . Our goal during this work was not to assess sexspecific differences. However, with the exception of one animal in the youngest group, we examined only females.
Sample preparation
Bone samples were collected during routine necropsies, wrapped in saline-soaked gauze, sealed in plastic bags, and maintained in frozen storage at -208C before specimen preparation. Specimens were initially fixed with 80% ethanol (EtOH). The segments were slowly dehydrated through a series of increasing concentrations of EtOH, cleared with xylene, and finally infiltrated and embedded in polymethylmethacrylate (PMMA) using the Erben method. (24) For the FTIRI analysis, 2-mm-thick sections were cut from the embedded undecalcified bone blocks with a Leica microtome (SM 2500; Leica). The sections were transferred onto BaF 2 windows (SpectraTek, Hopewell Junction, NY, USA) and mounted onto a fixed stage on the FTIR microspectrometer. The residual bone blocks, from which the sections were cut, were used for the Raman spectroscopy, nano-indentation, and energy dispersive X-ray (EDX).
FTIR microspectroscopy and imaging analysis
Spectra were acquired with a Spectrum Spotlight 300 Imaging System (Perkin Elmer Instruments, Shelton, CT, USA), consisting of a step-scanning FT-IR spectrometer with an MCT (mercury-cadmium-telluride) focal plane array detector placed at the image focal plane of an IR microscope. Single spectra and images were collected in the transmission mode at a spectral resolution of 4 cm 21 in the frequency region between 2000 and 800 cm 21 with an IR detector pixel size of 6.253 6.25 mm. Two different IR methods were used to analyze individual osteons: line mode, where sequential single spectra were recorded in 10-mm steps along three different lines starting from the center and moving to the periphery of osteons; and image mode, in which sequential FTIR images (12.5 3 12.5 mm) from the center toward the periphery were recorded along three different orientations in the same osteons. Data obtained with these two sampling methods were statistically indistinguishable for both spectral parameters and each age group. The linear regression calculated between the results obtained by the line and the image mode for each IR parameters showed very high levels of correlation and slopes close to unity verifying that the results obtained were the same for both IR sampling methods. Therefore, in this study, IR data represent average results from both methods. From each baboon sample (n = 27), four different osteons were randomly chosen from the cortical section and analyzed. The mineral-to-matrix ratio was also calculated with FTIR imaging on the overall cortical bone tissue (osteonal and primary interstitial) between the endocortical surface and the periosteal surface from each baboon sample. All spectra were baseline corrected, and the embedding medium was spectrally subtracted using ISYS software (Spectral Dimensions, Olney, MD, USA). The results are presented by age group with SD. Error bars were removed on some figures in this work for clarity.
The following FTIR parameters reviewed in detail elsewhere (25, 26) were calculated using ISYS software. Mineral-tomatrix ratio, which is linearly related to mineral content, (27) was calculated by integrating the phosphate area peaks between 916 and 1180 cm 21 and the amide I mode from 1592 to 1712 cm 21 . Carbonate-to-phosphate ratio, which reflects the level of carbonate substitution in the hydroxyapatite (HA) crystal, (28) was calculated through the integrated area of the n2 carbonate peak (840-892 cm 21 ) and that of the phosphate. Crystallinity, related to the size and perfection of HA crystal, (29) was calculated as the ratio of relative peak height subbands at 1030 and 1020 cm 21 within the broad phosphate contour. The collagen cross-linking network maturity was estimated by the intensity ratio of amide I subbands at 1660 and 1690 cm 
Raman microspectroscopy analysis
Raman spectra were acquired with a Kaiser Optical Systems Raman Microprobe with a Leica microscope (Model DMLP). This instrument uses a 785-nm diode laser to generate ;7-10 mW of single mode laser power at the sample with a spot size of ;2 mm using a 3100 objective. The backscattered radiation illuminates a near-IR CCD (Model DU 401-BR-DD; ANDOR Technology). Spectra were recorded from 1800 to 400 cm 21 , with a resolution of 4 cm 21 . A line scan was generated in which sequential single spectra were recorded in 3-mm steps along three different lines starting from the osteonal center to the periphery in four different osteons chosen randomly for each sample analyzed. To compare Raman and FTIR data, the baboons of the 2.5-yr-old group were analyzed by Raman because these had shown the steepest gradients by FTIR. Detector integration time for each scan was 20-s exposure time. The final spectra were the average of two scan accumulations. The same embedded and polished bone blocks used to cut IR sections were placed directly on the stage of the Raman microscope, and the transverse crosssection was oriented perpendicular to the laser beam incident from the microscope 3100 objective.
The following Raman parameters were calculated as reviewed elsewhere. (8, 31, 32) The carbonate-to-phosphate ratio was calculated from the height of the carbonate n1 band (;1070 cm 21 ) and n1 phosphate peak (960 cm
21
), where the substitution of the PO 4 23 functional group by CO 3 22 (B-type carbonate) exhibits a distinct peak at 1070 cm
. (33) Crystallinity (crystal size and perfection) of the HA crystal was approximated from the full width at half maximum (FWHM) of n1 phosphate peak intensity (34) such that crystallinity = 1/bandwidth. A sharper peak (decreasing FWHM) indicates greater crystallinity. The mineralto-matrix ratio, generally calculated from the intensity of the phosphate peak to the intensity of the amide I band (;1665 cm 21 ), was determined using the phenylalanine ring-breathing mode at 1004 cm 21 in place of amide I as the matrix index because the spectra recorded were too noisy around the amide I and amide III peaks.
Nano-indentation
To correlate mineral and matrix properties calculated by FTIR and Raman with local tissue mechanical properties, nano-indentation was performed along radial lines of the baboon osteons. The three samples of the 13-yr-group were selected for nano-indentation. Transverse sections 3 mm thick were cut from the embedded, undecalcified bone blocks. The specimens were polished anhydrously to avoid demineralization and reprecipitation. (35, 36) The RMS roughness of the sample surfaces was assessed by atomic force microscopy (AFM) and was <15 nm over an area of 5 3 5 mm.
Nano-indentation uses a depth-sensing indenter that is pressed into the material with a specified load at a constant rate and withdrawn, producing an output curve of load versus displacement. The indentation modulus, E i , was calculated from the unloading portion of the curve (35) as:
The hardness, H, is the average pressure under load, and was calculated as:
where A c and S are the contact area and stiffness, respectively, at maximum load, P max . E is the Young's modulus, and y is the Poisson's ratio, where the subscripts s and t refer to the sample and tip materials, respectively.
Indentation was performed on three osteons per sample, in regions that had been previously imaged with FTIR. Each osteon was indented with three radial lines, with indents placed at the center of each lamella. The scanning nano-indenter (TriboIndentor; Hysitron, Minneapolis, MN, USA) used for these experiments consisted of a nanoindentation transducer with a Berkovich diamond indenter tip and a scanning probe microscope. The shape of the indenter tip was characterized using the method proposed by Oliver and Pharr. (37) Before indentation, a 40 3 40-mm surface topography scan of the sample was performed to locate the area of interest within an osteon. Then, before each indent, a 20 3 20-mm scan was made to accurately place an indent on the center of each lamella. The tip was loaded into the sample at a rate of 50 mN/s, held at a maximum load of 700 mN for 10 s, and unloaded at a rate of 50 mN/s. The load-unload rates and the hold time, as well as the maximum load, were chosen based on prior experiments and for reasons described previously. (35, 36) 
EDX analysis
Quantitative EDX analysis and additional FTIR analysis were conducted on the same four osteons from one baboon of the 2.5-yr age group. Electron micrographs of the osteons were obtained at 31000 magnification with a scanning electron microscope (Quanta 600; FEI). Information about the chemical elements along osteons was obtained from the EDX spectra at 20 KV (model Phoenix; EDAX). For each osteon, EDX line analysis was performed along three different directions from the center to the periphery of the osteon. Each sequential single EDX point in ;0.3-mm steps along the lines was recorded at 20 kV for 200 ms.
Statistical analysis
The mean ± SD for each osteon and each animal was calculated for all FTIR, Raman, and nano-indentation data. These were checked by ANOVA in each age range to ensure that the groups could be combined. All statistical analyses were performed with SigmaStat (Systat Software, San Jose, CA, USA). Linear or polynomial regression analyses were performed to detect correlations between tissue and animal age, physicochemical parameters from the FTIR and Raman data, the mechanical parameters from nano-indentation, or chemical content given by EDX. Regressions used the values obtained from each baboon age group as indicated. Correlations are reported as the square of the Pearson's correlation coefficient (r 2 ). The level of significance was set at p < 0.01 for all statistical analyses.
RESULTS
At all ages examined, the cortical baboon samples presented well-defined osteons (Figs. 1A and 1C) , with the exception of the youngest group for which visualizing osteons was extremely difficult. Typical IR and Raman spectra (Figs. 1B and 1D ) of osteonal tissue from dehydrated bones show the spectral contribution of major molecular species from both the mineral and matrix components.
Some osteonal FTIR parameters were correlated with tissue and animal age Independent of the baboon age group considered, the osteons observed in the same sections showed significant variability in their diameters, which ranged between 200 and 500 mm. To compare the results, the spectroscopic parameters were plotted as a function of the radial distance across the osteons and were expressed as percentage from the osteonal center (0%) to the periphery (100%).
The mineral content increased linearly as a function of increasing distance from the osteonal center to the periphery with a strong correlation coefficient (r 2 = ;0.93, p < 0.001) as shown for the analysis of the 2.5-yr-old animals ( Fig. 2A) . This behavior held across all age groups examined (Fig. 2B) . The slopes and the correlation coefficients for each individual age group were similar and independent of the age of the baboon (Table 2) . However, the absolute values of these mineral-to-matrix ratios seemed to depend on animal age. The variation of the mineral-to-matrix ratio was nonlinearly correlated (r 2 = ;0.9, p < 0.01) with the baboon age, regardless of the section analyzed along osteons (Fig. 2C) .This ratio increased rapidly with baboon age until 15-20 yr and gradually decreased until 31 yr, the oldest age tested. Compared with the total cortical bone area (osteonal plus interstitial lamellae) from the same baboon sections (Fig. 2D) , the average mineral-to-matrix ratio calculated over the entire osteon, regardless of animal age, was smaller than that calculated in the cortical bone. A similar relationship with animal age was observed as that within osteons.
The carbonate-to-phosphate ratio decreased with tissue age (Figs. 3A and 3B) but increased with animal age (Fig.  3C) . The variation of the ratio with distance from the osteon center exhibited two-phase behavior in all age groups ) for Raman analyses. Spectra were baselined, and PMMA (embedding media) spectra were subtracted.
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( Figs. 3A and 3B ). In the first phase, the carbonateto-phosphate ratio decreased linearly until a minimum value was reached, typically at ;40% from the osteon center. In the second phase, the ratio was essentially constant. The slopes and correlation coefficients of the first linear phase were similar and independent of animal age ( Table 2 ). The decrease in carbonate-to-phosphate ratio was not caused by a decrease in carbonate content as shown by the increase in the carbonate-to-matrix ratio along the osteons (Fig. 3D) but by an increase in the phosphate content close to Haversian canal. The carbonate substitution in the osteonal tissue seemed dependent on the animal age. The ratio was linearly correlated with the baboon age for each section along osteons (Fig. 3C) . The crystallinity parameter (1030/1020 cm 21 peak ratio) increased with tissue age independently of the animal age (Figs. 4A and 4B) . The relationship was not constant along the osteon and again was biphasic. In the first one half of the osteon starting at the center, the ratio increased linearly and reached a plateau. The slopes and the correlation coefficients were comparable for all the samples regardless of animal age (Table 2 ). In contrast to the mineral-to-matrix ratio and carbonate-to-phosphate ratio, the crystallinity parameter was independent of animal age.
The collagen cross-link ratio increased as a function of the tissue age across the osteon regardless of animal age (Figs. 4C and 4D) , with a pattern similar to that recorded for the crystallinity parameter. The relationship with tissue age also was biphasic. During the first phase, close to the osteon center, the ratio increased linearly and reached a constant value. The slopes and the correlation coefficients were comparable for all baboon age groups ( Table 2) .
Raman spectroscopy was used to explore changes close to the osteonal center
The Raman analysis of the 2.5-yr-old baboon group (Fig.  5) showed similar mineral properties with tissue age along the osteons as the FTIR data; however, unlike the FTIR data, the Raman mineral-to-matrix ratio was biphasic (Fig.  5A ). In the first phase, nearest the center of the osteon, the mineral-to-matrix ratio increased rapidly, followed by a more gradual but still linearly increasing second phase. A strong correlation was found between the Raman and FTIR ratios taken from the same samples (Fig. 5B) . Mineral crystallinity parameter, as determined by Raman, increased along the osteons (Fig. 5C ). The crystallinity increased strongly and quickly around the osteonal center and more slowly toward the periphery. The FTIR and Raman crystallinity data were highly correlated (Fig. 5D) . The Raman carbonate-to-phosphate ratio decreased slightly, but significantly toward the periphery of the osteon (Fig.  5E ). In comparison with the FTIR data for the same animal group, the trend observed by Raman was different. The correlation between FTIR and Raman for this parameter was not significant (Fig. 5F ).
Specific mechanical properties along osteons
When the mechanical properties were examined in the 13.5-yr-old baboon group, the indentation modulus and hardness increased with tissue age (Fig. 6 ). The correlation with tissue age was significant (r 2 = ;0.93, p < 0.001) for the indentation modulus (Fig. 6A) , whereas no correlation existed for hardness with tissue age (Fig. 6B) . The correlation between indentation modulus and hardness with the FTIR parameters described previously are summarized in Table 3 .
Mineral content changes with tissue age
Both calcium (Ca) and phosphate (P) content increased nonlinearly with tissue age as shown by the data from a baboon in the 2.5-yr-old group (Figs. 7A and 7B ). For magnesium (Mg), the increase observed was not significant (Fig. 7C) . The correlation coefficients between the EDX data for calcium and phosphate and the FTIR data along osteons were highly significant ( Table 4 ). The correlations between FTIR parameters and magnesium content were not significant.
DISCUSSION
This study reports the detailed description and comparisons of the spatially resolved physicochemical, compositional, and mechanical properties within individual 
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baboon osteons. Correlations are reported as a function of tissue age within osteons and as a function of animal age. Linear and biphasic relationships were observed with tissue age for FTIR and Raman compositional bone parameters. Significant correlations with Raman, EDX, and nano-indentation measured existed for the FTIR compositional data. Previous FTIR microspectroscopy and imaging studies showed reproducible patterns for bone mineral properties across cortical osteons and along forming trabecular surfaces from normal human iliac crest biopsies. (14, 15) The patterns observed for normal bone within osteons and in trabeculae were altered in osteoporotic human bone. (16, 17) However, because bone is a very heterogeneous tissue (38, 39) that is strongly modified by aging, these patterns would be difficult to interpret or to compare with biopsies from patients of different ages. Using a nonhuman primate model, we observed reproducible variations, independent of the animal age, in mineral and matrix properties at specific distances normalized to the width of the osteon. This normalization could allow better understanding of mechanisms contributing to osteoporosis or other bone diseases and provide better diagnostic insights.
Normal age-dependent alterations in composition, geometric, and mechanical bone properties strongly affect the bone integrity as shown clinically by the increase of fracture incidence with aging. (40) (41) (42) (43) (44) In addition, because of bone remodeling, a process involving both resorption of bone by osteoclasts and formation of new bone by osteoblasts, tissue age varies extensively within the same bone specimen. Thus, an understanding of the variations in bone properties as a function of both tissue and animal age at the 
FIG. 6.
Mechanical properties evaluated by nano-indentation from the 13.5-yr-old baboon age group. Mean ± SD (n = 27). Indentation modulus (A) and hardness (B) data plotted as a function of the distance along osteons expressed in percentage from the osteonal center (0%) to the periphery (100%). Correlation between mechanical parameters obtained by nano-indentation (Fig. 6) and those calculated by FTIR microspectroscopy reported as the square of the Pearson's correlation coefficient (r 2 ) from the 13-yr-old group.
* p < 0.001. microscopic level is crucial. Baboon bone provides an excellent model of human tissue because of similar development, long lifespan, and presence of skeletal fragility and menopause. (18, 19) As discussed in the following paragraphs, the FTIR parameters measured in the baboon and human are comparable.
Mineral-to-matrix ratio calculated by FTIR spectroscopy is directly related to ''ash weight,'' proving a quantitative measurement of the extent of mineralization in the bone. (10, 27, 45) In the baboon, this ratio increased from the center of the osteon toward the periphery. These data are in agreement with previous FTIR studies in human bone, which showed that less mineralized regions are located around the center of the osteons and more mineralized areas located at the periphery. (14, 15) The mineralization gradient along the osteon is representative of osteonal development and confirms that the baboon is an appropriate animal model for the study of bone remodeling. The mineralization profiles obtained by FTIR and Raman were similar, although Raman showed biphasic behavior along osteons. The difference reflects the ability of Raman, with a spectral resolution of ;1 mm compared with the ;10 mm of FTIR, to better detect the more rapid primary mineralization adjacent to the Haversian canal. (46) The similarity of the slopes for mineral-to-matrix ratio as a function of baboon age was striking, whereas the absolute value of mineral content was dependent on animal age. In the baboon, the mineralization process inside osteons was most rapid during the first 5-6 yr, continued to increase slowly until 15-20 yr, and decreased thereafter. This trend is similar to change in lumbar spine BMD in baboons as a function of animal age in females (19) and is also similar to the change in spinal BMD in human females with age. (47) In human females, BMD begins to decrease around 40-50 yr, corresponding to the stage of life during which perimenopause and menopause occur. We can also match the trend observed for the mineral-to-matrix ratio with the baboon age to the different stages in the life of the female baboon. Based on the literature, (18) (19) (20) (21) we can divide the baboons in three groups: young (<5-6 yr), adult (6-19 yr) , and old (>19 yr). The old group was composed of female baboons with irregular menstrual cycles associated with perimenopausal phenomena (mean age of onset is 19 yr) (21, 48, 49) and menopausal females (mean age of 26 yr). The mineralization process in osteonal femoral bone is rapid in the young baboons, continues more slowly during the adult development until the hormonal cycle begins to become irregular, and declines in the third decade. Except for one very young male sample, we worked exclusively with females so we can extrapolate that the pattern of mineral-to-matrix ratio as a function of animal age is characteristic of female baboons. Because end-of-life hormonal profiles and menopausal status are not available for the animals in this study, we cannot directly relate any hormonal alterations associated with menopause to modifications of the mineralization process itself in the newly Correlation between mineral content calculated by EDX analyses (Fig. 7) and the FTIRI parameters reported as the square of the Pearson's correlation coefficient (r 2 ) calculated from the 2.5-yr-old baboon age group. * p < 0.05. † p < 0.001.
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formed bone. The organic matrix is ''fully mineralized'' in human primary lamellar bone compared with the more recently formed bone in osteons as measured by Raman spectroscopy. (31) We similarly found that the mineral content in the cortical tissue (representing both osteonal and primary lamellar bone) was greater than in the osteonal area alone from the same sections independent of the baboon age and showed a similar age dependent pattern.
Biological hydroxyapatite is a poorly crystalline carbonate substituted apatite. The complex phenomenon of bone crystal maturation manifested through changes in the short-range order of the crystal and the concentration and location of highly labile, reactive CO 3 22 and HPO 4 22 groups. CO 3 22 substitution plays an important role in bone properties (28) and has been reported to increase with aging. (28, 32) The unexpected biphasic decrease in carbonateto-phosphate ratio inside the osteons agreed with the decrease in human osteons, although the latter was linear. (14) This apparent discrepancy with the reported increase in carbonate content (28, 34) can be explained by the two contributors to the carbonate content ratio, such that apparent decrease in the ratio may result from a decrease in the amount of carbonate and/or an increase in the phosphate content. When normalized to the area of the amide I peak, both carbonate substitution and mineralization increased across the osteons, indicating that the phosphate content increased more rapidly than carbonate content closer to the Haversian canal.
Bone crystallinity is related to apatite crystal size and perfection as determined by X-ray diffraction. (29, 50) Crystallinity, as determined by infrared spectroscopy and X-ray diffraction, increases with both tissue and animal age in humans. (14, 15, 51, 52) The biphasic pattern of increasing crystallinity across the baboon osteons differs from the linear increase reported in human osteons, (14) perhaps a result of the number of sites evaluated along the osteon and the greater age range studied in the baboons. Crystallinity measured by Raman, based on a different parameter, confirmed the biphasic pattern within osteons. Although crystallinity was previously correlated with human age (51) in our baboon study, the mean osteonal crystallinity parameter did not correlate with animal age. This finding may reflect the heterogeneity of the animals or that the maximum crystal size is obtained early in baboon bone development.
The collagen cross-link ratio indicates the maturity state of the cross-linking network in the bone collagen fibril. (13, 30) The collagen cross-link network is important for structural and mechanical properties of bone. The alteration of this network can result in severe dysfunction of the tissue and may be associated with the age-related increase in bone fracture and bone diseases. (9, (53) (54) (55) Intermolecular collagen cross-linking is important for the development of the underlying matrices that are essential for initial mineral formation and crystal growth. This matrix also contributes to mechanical properties such as tensile strength and viscoelasticity. Previously, spatial distribution of the crosslinking ratio was compared in patients with and without osteoporosis. (9) Although data were not reported for osteonal bone, in normal cancellous bone, the cross-link ratio increased as a function of the tissue age at the forming surface. In osteoporotic cancellous bone, no spatial variation was observed in this ratio. In baboons, the observed maturation of the collagen cross-linking network was related to tissue age in newly formed bone. The results are in accordance with the bone development process, where first the collagen fibrils appear, followed by a process of enzymatically induced cross-linking that stabilizes the fibrils. (55) Subsequently, the collagen fibrils become mineralized and serve as scaffolds on which nucleation and growth of the additional mineral crystals will take place. These two processes are intimately correlated as shown by the similar trend between the crystallinity and the collagen cross-link ratio pattern across the osteons.
In addition to enabling us to describe osteonal variations as a function of both tissue and animal age, this study provided a unique opportunity to correlate mineral and matrix properties with nano-mechanical properties of the bone tissue. Few previous studies describe correlations between physicochemical and mechanical bone properties (35, 41, 56, 57) and fewer describe correlation with properties at the same spatial resolution. Rho et al. (58) showed with a limited sample number that the mechanical properties decrease as a function of increasing distance from the center of the osteon, whereas Gupta's group did not see significant mechanical variation between osteonal lamellae from a single osteon (59) and Fratzl's group correlated Raman data with orthogonal distances from the Haversian canal for a single osteonal sample. (60) These data, as well as the results based on the mineral content, (61, 62) present conflicting information about bone properties in osteons. Our mechanical bone property data obtained by nanoindentation and as mineral content calculated by EDX were positively correlated with the measured FTIR mineral and matrix properties along individual osteons for the age group examined, contrasting with results reported previously. There are several possible reasons for these discrepancies: specimen preparation, the nature of the specimens themselves, and the different development stages of the osteons studied. The effects of preparation were shown in an earlier nano-indentation study (35) ; however, we can not determine the contribution of the other factors.
Specific and repeated patterns were present in osteons for mineral content, carbonate incorporation, crystallinity, and collagen cross-link maturity along newly formed bone tissue regardless of animal age. Because this study included only female animals (with one exception), a comparison of these parameters in aging male baboons with the results presented here could greatly enhance our understanding of the aspect of female postmenopausal bone fragility. Animal age-related bone property changes among osteons have not been reported previously. By normalizing the diameters of the osteons, the results of our baboon study suggest that, if applied to human tissue, systematic comparisons between osteons should give consistent data, allowing analyses of skeletal disease and treatment effects without concern for the absolute size of the osteon. These data establish baseline values with which bone samples from diseased subjects may be compared. Moreover, the correlation of the spectroscopic bone properties with mechanical properties may in part explain the increase in bone fragility with aging. Age-related changes in bone mineralization are well described for the whole bone but, as reviewed elsewhere (63) with the exception of studies of BMD distribution, are practically unknown on the microstructure level. Alterations in bone composition relative to animal age are not only responsive to modifications in the remodeling balance process, but may also affect the mineralization process itself, as observed in this study with the youngest animals' newly formed bone. Although we could not ascertain changes in the bone matrix protein composition, age-dependent changes in the expression of the proteins associated with the both osteogenesis and mineralization are known and could explain differences noted in the youngest and older animals. The overall relationship obtained for the baboon osteons is particularly exciting in the context of novel developments such as a Raman probe for imaging bone tissue in situ (64) and an infrared fiber optic probes used arthroscopically (65) that both have clinical potential for in vivo diagnosis.
